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We investigate the collapse dynamics of a dipolar condensate of 52Cr atoms when the s−wave
scattering length characterizing the contact interaction is reduced below a critical value. A complex
dynamics, involving an anisotropic, d−wave symmetric explosion of the condensate, is observed.
The atom number decreases abruptly during the collapse. We find good agreement between our
experimental results and a those of a numerical simulation of the three-dimensional Gross-Pitaevskii
equation, including contact and dipolar interactions as well as three-body losses. The simulation
indicates that the collapse induces the formation of two vortex rings with opposite circulations.
PACS numbers: 03.75.Kk,03.75.Lm
The underlying symmetries of physical systems often
determine the nature and dynamics of macroscopic quan-
tum states. For example, the difference between isotropic
and d−wave pairing of electrons, in conventional and
high-Tc superconductors, respectively, leads to funda-
mentally different properties [1]. Degenerate quantum
gases are usually dominated by isotropic (s−wave) con-
tact interactions. Dipolar quantum gases (i.e. in which
the dipole-dipole interaction (DDI) between permanent
dipole moments play a significant or even dominant role)
are governed by the d−wave symmetry of the long-range
DDI, which gives rise to novel properties.
Examples of fascinating predictions for polarized dipo-
lar quantum gases range from a roton-maxon spec-
trum [2] for the elementary excitations of a quasi two-
dimensional dipolar Bose-Einstein condensate (BEC), to
the existence of novel quantum phases (such as a ‘checker-
board’ insulator, or a supersolid) for dipolar quantum
gases in optical lattices [3]. The DDI also modifies the hy-
drodynamic equations describing the dynamics of a BEC,
which has been probed experimentally by studying the
expansion of the cloud when released from the trap [4].
Unusual, structured shapes for the BEC have been pre-
dicted [5, 6]. In the unpolarized case, the DDI dramati-
cally enriches the physics of spinor BECs [7]. Ultracold
dipolar fermions also have fascinating properties [8].
A striking example of the new properties of dipolar
BECs is given by their stability, which, contrary to the
case of contact interaction, depends strongly on the trap
geometry. Consider a pancake-shaped trap with the
dipole moments of the particles oriented perpendicular
to the plane of the trap. The DDI is then essentially re-
pulsive, and the BEC is stable, independently of the atom
number. In contrast, a cigar-shaped trap cannot stabi-
lize a purely dipolar BEC. We experimentally studied [9]
this geometry-dependent stability of a dipolar quantum
gas by using a 52Cr BEC, and mapped out the stability
diagram of the condensate as a function of the scatter-
ing length a (characterizing the contact interaction) and
the trap aspect ratio. In the case of a pure contact in-
teraction, crossing the stability border into the unstable
regime a < 0 leads to a collapse of the BEC [10, 11, 12].
This gives rise to an interesting dynamics involving a fast
implosion of the condensate followed by the formation of
energetic ‘bursts’ of atoms [13], or the formation of soli-
ton trains [14, 15].
In this Letter, we investigate experimentally the col-
lapse dynamics of a dipolar 52Cr BEC when the scat-
tering length a is decreased (by means of a Feshbach
resonance) below the critical value acrit for stability [9].
We observe a rich dynamics on a timescale shorter than
the trap period, with the formation of an expanding
structure featuring a d−wave symmetry. We study the
atom number in the condensate as a function of time,
and find an abrupt decrease due to inelastic losses. Fi-
nally, we compare our experimental results with a three-
dimensional numerical simulation of the Gross-Pitaevskii
equation (GPE) including both contact and dipolar in-
teractions, as well as three-body losses. Such a general-
ized GPE with three-body losses has been demonstrated
to explain the main features of ‘Bose-nova’ experiments
with 85Rb [16]. Here we generalize this model to include
the DDI. As shown later, this generalized model accounts
very well for the observed d−wave collapse.
The experimental setup to produce a 52Cr BEC above
the Feshbach resonance located at a magnetic field B0 ≃
589 G has been described elsewhere [9]. Close to the
resonance, the scattering length a varies with the applied
magnetic field B as
a(B) = abg
(
1−
∆
B −B0
)
,
where ∆ ≃ 1.5 G is the resonance width, and abg ≃
100 a0 the background scattering length (a0 is the Bohr
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FIG. 1: (color). Collapse dynamics of the dipolar condensate.
(a) Timing of the experiment. The red curve represents the
time variation of the scattering length a(t) one would have in
the absence of eddy currents, while the blue curve is obtained
by taking them into account (see text). (b) Sample absorption
image of the collapsed condensate for thold = 0.4 ms, after
8 ms of time of flight, showing a ‘cloverleaf’ pattern on top of
a broad thermal cloud. This image was obtained by averaging
60 pictures taken under the same conditions. (c) Same image
as (b) with the thermal cloud subtracted. In (b) and (c) the
field of view is 270 µm by 270 µm. The green arrow indicates
the direction of the magnetic field. (d) Series of images of the
condensate for different values of thold (upper row) and results
of the numerical simulation without adjustable parameters
(lower row); the field of view is 130 µm by 130 µm.
radius). We calibrate the variation a(B) of the scattering
length by measuring, after expansion, the BEC size and
atom number [9]. The reduction of a close to B0 +∆ is
accompanied by inelastic losses. By measuring the 1/e
lifetime and the density of the BEC close to resonance, we
estimate the three-body loss coefficient to be constant for
the range of scattering lengths (5 6 a/a0 6 30) studied
here, with a value L3 ∼ 2× 10
−40 m6/s.
To study the collapse dynamics, we first create a
BEC of typically 20,000 atoms in a trap with frequen-
cies (νx, νy, νz) ≃ (660, 400, 530) Hz at a magnetic field
∼ 10 G above the Feshbach resonance, where the scatter-
ing length is a ≃ 0.9 abg. We then decrease a by ramping
down B linearly over 8 ms to a value ai = 30 a0 which still
lies well above the critical value for collapse, measured to
be at acrit ≃ (15±3) a0 [shaded area on Fig. 1(a)] for our
parameters [9]. This ramp is slow enough to be adiabatic
(a˙/a≪ νx,y,z), so that the BEC is not excited during it.
After 1 ms waiting time, a is finally ramped down rapidly
to af = 5 a0, which is below the collapse threshold. For
this, we ramp linearly in 1 ms the current I(t) in the coils
providing the magnetic field B = αI. However, due to
eddy currents in the metallic vacuum chamber, the ac-
tual value of B(t) and hence that of a(t) change in time
0 ms 0.4 ms 0.5 ms 0.6 ms 0.8 ms 1 ms
y
z
FIG. 2: (color). In-trap column density obtained in the sim-
ulation, for different thold. The field of view is 5 µm by 5
µm. Due to the DDI, the condensate collapses radially, ac-
quiring the shape of a very thin cigar elongated along z. At
thold ≃ 0.5 ms, the collapse occurs, and immediately after,
the cloud starts to expand radially.
as depicted in blue on Fig. 1(a). To obtain this curve, we
used Zeeman spectroscopy to measure the step response
of B(t) to a jump in the current I(t) (corresponding to a
∼ 15 G change in B), and found that the resulting B(t) is
well described if τB˙+B = αI(t) holds, with τ ≃ 0.5 ms.
From this equation and the measured I(t) we determine
the actual a(t).
After the ramp, we let the system evolve for an ad-
justable time thold and then the trap is switched off. Note
that the origin of thold corresponds to the end of the
ramp in I(t). Because of eddy currents, thold = 0 about
0.2 ms before the time at which the scattering length
crosses acrit. However, as we shall see below, even for
thold < 0.2 ms a collapse (happening not in trap, but dur-
ing the time of flight) is observed, since during expansion
the scattering length continues to evolve towards af . The
large magnetic field along z is rapidly turned off (in less
than 300 µs) after 4 ms of expansion, and the conden-
sate expands for another 4 ms in an 11 G field pointing
in the x direction, before being imaged by absorption of
a resonant laser beam propagating along x. Changing
the direction of the field allows us to use the maximum
absorption cross-section for the imaging (if the latter was
done in high field, the absorption cross-section would be
smaller, thus reducing the signal to noise ratio of the
images). We checked that this fast switching has no in-
fluence on the condensate dynamics. We observe that
the atomic cloud has a clear bimodal structure, with a
broad isotropic thermal cloud, well fitted by a Gaussian,
and a much narrower, highly anisotropic central feature,
interpreted as the remnant BEC [see Fig. 1(b) and (c)].
The upper row of Fig. 1(d) shows the time evolu-
tion of the condensate when varying thold. The images
were obtained by averaging typically five absorption im-
ages taken under the same conditions; the thermal back-
ground was subtracted, and the color scale was adjusted
separately for each thold for a better contrast. From an
initial shape elongated along the magnetization direc-
tion z, the condensate rapidly develops a complicated
structure with an expanding, torus-shaped part close to
the z = 0 plane. Interestingly, the angular symme-
try of the condensate at some specific times (e.g. at
thold = 0.5 ms) is reminiscent of the d−wave angular
symmetry 1 − 3 cos2 θ of the DDI. For larger values of
3thold, we observe that the condensate ‘refocuses’ due to
the presence of the trap [17].
The lower row of Fig. 1(d) shows the column density∫
|ψ(r)|
2
dx (where ψ(r) is the order parameter of the
condensate after time of flight) obtained from a numerical
simulation of the three-dimensional GPE
i~
∂ψ
∂t
=
[
−~2
2m
△+ Vtrap +
∫
U(r − r′, t) |ψ(r′, t)|
2
dr′
−
i~L3
2
|ψ|
4
]
ψ,
where
U(r, t) =
4pi~2a(t)
m
δ(r) +
µ0µ
2
4pi
1− 3 cos2 θ
r3
stands for the contact and dipolar interactions, θ being
the angle between r and the direction of polarization.
Here m is the atomic mass, µ0 the permeability of vac-
uum, and µ = 6µB the magnetic moment of a Cr atom
(µB is the Bohr magneton). The non-unitary term pro-
portional to L3 describes three-body losses. The scatter-
ing length a(t) is changed according to the blue curve in
Fig. 1(a) and the trap potential Vtrap is switched off
at the beginning of the 8 ms time of flight. For the
simulation, space is discretized into a 128 × 128 × 128
mesh with a step size of 70 nm. For the kinetic part,
the Crank-Nicolson scheme is used for the time evolution
to avoid numerical instability. For the interaction part,
the convolution integral is calculated using a fast Fourier
transform. After the trap is switched off, the mesh is
extended to 512 × 512 × 512 to describe the expansion
of the cloud. When the density becomes low enough so
that the nonlinear terms of the GPE can be neglected,
the free expansion propagator is used to give the final
time-of-flight images. The agreement between the exper-
imental data and the simulation, performed without any
adjustable parameter, is excellent.
The cloverleaf patterns seen in Fig. 1(b)-(d) are caused
by the anisotropic collapse and the subsequent dynamics
of the system. Figure 2 shows the in-trap evolution of
the condensate as a function of thold. The mechanism
of the condensate ‘explosion’ is as follows [18]: When
the atomic density grows due to the attractive interac-
tion, three-body losses predominantly occur in the high-
density region. The centripetal force is then decreased,
and the atoms that gathered in this narrow central re-
gion are ejected due to the ‘quantum pressure’ arising
from the uncertainty principle. The kinetic energy is
supplied by the loss of the negative interaction energy.
For the contact interaction, the collapse and subsequent
atomic ‘explosion’ is isotropic [18]. In the present case,
the collapse occurs mainly in the x − y direction due to
anisotropy of the DDI (in the absence of inelastic losses,
the condensate would indeed become an infinitely thin
cigar-shaped cloud along z, see Fig. 3 of Ref.[9], and the
0
5
10
15
20
25
0 0.4 0.8 1.2 1.6
bC
bCbC
bC
bC
bC
bC
bC
bC
bC
bC
bC bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC bC
bC
bC
bC
bCbCbC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bCbC bCbC
bC
bCbC
bC
bC
bC
bCbCbC
bCbCbCbC bC
bC
bC
bC
bC
bC
bC
bC bCbC
bC
bC bC
bC
bC
bC
bC
bCbC
bC
bC
bC
bC
bC
bC
bC
bCbC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC bC
bC
bC
bC
bC
bC
bC
bC
bC
bCbC bC
bC
bC
bC
bC
bC
bC bCbCbCbC
bC
bC
bCbC bC
bC
bC
bCbC
bCbC
bCbCbCbC
bCbC
bCbC
bCbC
bCbC
bCbC
bCbC
bCbC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bC
bCbC
bC
bC
bC
bC
bC
bC
bCbC bC
bC
bC
bC
bCbC
bC
bC
N
B
E
C
/1
0
3
thold/ms
0
20
40
60
80
100
0 0.4 0.8 1.2 1.6
rSrS
rSrS
rS
rS
rS
rS
rS
rSrS
rS
rSrS
rS
rS
rS
rSrS
rS
rS
rSrS
rS
rS
rS
rS
rS
rS
rS
rS
rS rS
rS
rS
rS
rSrS
rS
rS
rSrS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rSrS
rS
rS
rS
rS
rS
rSrS
rS
rS
rSrSrS
rS
rSrS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rSrS
rS
rS
rS
rS
rSrS
rSrS rS
rSrS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rS
rSrS
rS
rS
rS
rS
rS
rS
rS
rS rS
rS
rS
rS
rSrSrSrS rS
rS
rSrS rSrS
rSrS rS
rSrSrS
rS
rSrS
rS
rS
rSrS
rS
rSrS
rS
rS
rS
rS
rS
rS
rS
rSrSrS
rSrS
rS
rS
N
t
h
e
r
m
a
l
/
1
0
3
thold/ms
FIG. 3: (color). Atom losses during collapse. Blue cir-
cles: atom number NBEC in the condensate as a function
of thold. The solid curve is the result of the simulation for
L3 = 2 × 10
−40 m6/s, without any adjustable parameter.
Inset: the atom number Nthermal in the thermal cloud (red
squares) remains essentially constant during the collapse.
in-trap image at thold = 0.5 ms in Fig. 2), and therefore
the condensate ‘explodes’ essentially radially, producing
the anisotropic shape of the cloud. The numerical sim-
ulation reveals that, for thold < 0.5 ms, the collapse ob-
served in Fig. 1(d) occurs not during the holding time
but during the time-of-flight. We stress that in the ab-
sence of three-body losses, the explosion following the
collapse would not be observed.
From the images, the atom number NBEC in the con-
densate is obtained by integrating the optical density.
Blue circles in Fig. 3 show NBEC as a function of thold.
The BEC atom number is initially NBEC(0) ≃ 16, 000
and decreases toward its asymptotic value ∼ 6, 000. Over
the same time scale, the atom number Nthermal in the
thermal cloud (inset of Fig. 3) stays constant. The size
of the thermal cloud after expansion is also constant over
this period. This suggests that the thermal cloud does
not play any significant role in the collapse dynamics.
For thold < 0.5 ms, the collapse actually occurs during
the time of flight, which explains the gradual decay of
NBEC(thold), and why the atom losses are not as large
as those when the collapse occurs in trap (in the latter
case, 70% of the atoms are lost). The missing atoms have
very likely escaped from the trap as energetic molecules
and atoms produced in three-body collisions. This is con-
firmed by the fact that the simulation gives aNBEC(thold)
curve (solid line in Fig. 3) which matches well the exper-
imental data. Experimental uncertainties in the parame-
ters used in the simulation (trap frequencies, values of L3
and τ) probably explain the small discrepancy between
the experiment and the numerical results.
The numerical simulation gives access not only to the
density |ψ(r)|2, but also to the phase S(r) of the order
parameter ψ (i.e. to the velocity field v = ~∇S/m) and
4(b)(a)
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FIG. 4: (color). Vortex rings predicted by the numerical sim-
ulation. (a) Iso-density surface of an in-trap condensate at
thold = 0.8 ms. The topological defects are shown by the red
rings. (b) Velocity field of the atomic flow in the x = 0 plane
at thold = 0.8 ms. The field of view is 2.5 µm by 2.5 µm; the
color scale represents the velocity (red is faster).
reveals the generation of vortex rings [19, 20] of charge
±1. Figure 4(a) shows an in-trap iso-density surface of
a condensate at thold = 0.8 ms and the location of the
vortex rings (shown as red curves). Comparing Fig. 4(a)
and Fig. 2 (at thold = 0.8 ms), we find that the topologi-
cal defects encircle the two ‘leaves’ of the ‘clover’. Figure
4(b) shows the velocity field v(r) in the x = 0 plane. The
atoms ejected in the x− y plane flow outward, while the
atoms near the z axis still flow inward, giving rise to the
circulation. Thus, the vortex-ring formation is specific to
the d−wave collapse induced by the DDI. Although the
vortex rings are not observed directly in the experiment,
the excellent agreement between the experiment and sim-
ulation in Figs. 1 and 3 strongly suggests the creation of
vortex rings during the collapse of the condensate.
In conclusion, we have investigated the collapse dy-
namics of a dipolar BEC. Contrary to the case of an
isotropic contact interaction, the DDI induces the for-
mation of a structured cloud featuring a d−wave sym-
metry. The collapse dynamics is quantitatively repro-
duced by numerical simulations of the GPE without any
adjustable parameter. An interesting subject for future
studies is the dependence of the collapse dynamics on
the trap geometry: one may wonder if the condensate
would collapse in the same way if initially trapped in a
very anisotropic (e.g., pancake-shaped) trap. A natural
extension of this work would involve detecting, e.g. by
interferometric methods [21, 22], the vortex rings pre-
dicted by the simulation. Finally, whether one can nu-
cleate stable vortex rings by initiating the collapse, and
then changing a back to a value corresponding to a sta-
ble BEC, is a question which certainly deserves further
investigations.
We thank H. P. Bu¨chler, S. Giovanazzi, L. Santos
and G. V. Shlyapnikov for useful discussions. We ac-
knowledge support by the German Science Foundation
(SFB/TRR 21 and SPP 1116) and the EU (Marie-Curie
Grant MEIF-CT-2006-038959 to T. L.). H. S., Y. K. and
M. U. acknowledge support by the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan
(Grants-in-Aid for Scientific Research No. 17071005
and No. 20540388, the 21st century COE program on
‘Nanometer-Scale Quantum Physics’) and by the Mat-
suo Foundation.
[1] C. C. Tsuei and J. R. Kirtley, Rev. Mod. Phys. 72, 969
(2000).
[2] L. Santos, G. V. Shlyapnikov and M. Lewenstein, Phys.
Rev. Lett. 90, 250403 (2003).
[3] K. Go´ral, L. Santos and M. Lewenstein, Phys. Rev.
Lett. 88, 170406 (2002); C. Menotti, C. Trefzger and
M. Lewenstein, ibid. 98, 235301 (2007).
[4] K. Go´ral, K. Rza¸z˙ewski and T. Pfau, Phys. Rev. A 61,
051601(R) (2000); L. Santos et al., Phys. Rev. Lett. 85,
1791 (2000); S. Yi and L. You, Phys. Rev. A 63, 053607
(2001); S. Giovanazzi, A. Go¨rlitz and T. Pfau, J. Opt.
B 5, 208 (2003); J. Stuhler et al., Phys. Rev. Lett. 95,
150406 (2005); T. Lahaye et al., Nature 448, 672 (2007).
[5] S. Ronen, D. C. E. Bortolotti and J. L. Bohn, Phys. Rev.
Lett. 98, 030406 (2007).
[6] O. Dutta and P. Meystre, Phys. Rev. A 75, 053604
(2007).
[7] Y. Kawaguchi, H. Saito and M. Ueda, Phys. Rev. Lett.
96, 080405 (2006); L. Santos and T. Pfau, ibid. 96,
190404 (2006); S. Yi and H. Pu, ibid. 97, 020401 (2006);
Y. Kawaguchi, H. Saito and M. Ueda, ibid. 97, 130404
(2006).
[8] M. A. Baranov, Physics Reports, in press (2008).
[9] T. Koch et al., Nature Physics 4, 218 (2008).
[10] C. A. Sackett et al., Phys. Rev. Lett. 82, 876 (1999).
[11] J. M. Gerton et al., Nature 408, 692 (2000).
[12] J. L. Roberts et al., Phys. Rev. Lett. 86, 4211 (2001).
[13] E. A. Donley et al., Nature 412, 295 (2001).
[14] K. S. Strecker et al., Nature 417, 150 (2002).
[15] S. L. Cornish, S. T. Thompson and C. E. Wieman, Phys.
Rev. Lett. 96, 170401 (2006).
[16] M. Ueda and H. Saito, J. Phys. Soc. Jpn. 72, 127 (2003).
[17] See EPAPS Document No. [number will be inserted
by publisher] for a movie of the collapse for 0 6
thold 6 1.6 ms. For more information on EPAPS, see
http://www.aip.org/pubservs/epaps.html.
[18] H. Saito and M. Ueda, Phys. Rev. A 65, 033624 (2002).
[19] B. P. Anderson et al., Phys. Rev. Lett. 86, 2926 (2001).
[20] N. S. Ginsberg, J. Brand and L. V. Hau, Phys. Rev. Lett.
94, 040403 (2005).
[21] M. R. Matthews et al., Phys. Rev. Lett. 83, 2498 (1999).
[22] F. Chevy et al., Phys. Rev. A 64, 031601(R) (2001).
